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Abstract  
 
Through the analysis of materials and environments seen in industry a better 
understanding of the fundamentals behind degradation mechanisms can be 
observed. The scope of this project was to better understand the fundamentals 
behind the degradation of high strength pipeline steels in a lab setting to simulate 
an environment seen in industry. Specifically the degradation mechanisms of high 
and nearly neutral pH stress corrosion cracking were examined in environments 
that simulated oil and gas pipelines buried in soil. Experimentation was carried out 
utilizing X65 carbon steel specimen, a Gamry potentiostat, a CORTEST proof ring, a 
CORTEST slow strain rate machine, and NS4 standard solution. Performance of the 
steel was characterized utilizing electrochemical impedance spectroscopy, 
SEM/EDS technology, and loading versus failure curves. The stress induced 
(extension rate) on the specimen was controlled utilizing the CORTEST equipment 
and the amount potential induced on the specimen was controlled using the 
potentiostat. It is reasonable to believe that the high pH SCC cracking mechanism is 
accelerated when large amounts of cathodic over potential (~-1200 mV vs. SCE) are 
induced on the specimen. It is observed that better equipment should be used to 
simulate the environment to draw broader based conclusions at varied over 
potentials.   
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Executive Summary: 
 
Oil and gas pipelines are known as the standard for transporting hydrocarbons and 
other potentially hazardous substances long distances both internationally and 
domestically. The challenge of completing this task safely is recognized as 
paramount to the United States. As time progresses the detrimental effects resulting 
from service and the environment expand this challenge to include maintenance, 
which has evolved into what the industry refers to as integrity management today. 
Pipeline integrity is mainly maintained through coatings and cathodic protection. 
There are many factors that can jeopardize the integrity of an oil and gas pipeline. 
One of which is stress corrosion cracking (SCC). Both the condition of the coating on 
a pipeline and the cathodic protection can greatly affect SCC. SCC is a term used to 
describe service failure in engineering materials that occurs by, environmentally 
induced crack initiation and eventually crack propagation5. SCC is a great concern 
for pipeline operators because its affects can lead to public impact and lost 
mechanical availability. SCC failures in oil and gas lines have occurred across the 
globe, many of which have resulted in national inquiries. SCC is also very difficult to 
detect and can lead to sudden failures. Due to the large impact SCC has on our 
society, efforts to better understand how pipeline steels behave in environments 
simulating operating conditions is well under way.  
 
The mechanism of SCC is complex and the complexities at various conditions are not 
yet completely understood by the scientific community. The generalities of the 
mechanism are that three elements must be present for the SCC to occur. The first 
element is an environment that will allow for corrosion to occur. The second 
element to SCC is a susceptible material because not all materials are susceptible to 
SCC. The third and final element is tensile stress. These three elements of SCC are 
considered synergistic wherein the combination of these factors is considered much 
worse than their individual effects.  It is understood that there are three SCC 
mechanisms that occur in pipeline steels. Due to the limited scope of this study only 
two of the three mechanisms were examined. The first mechanism examined in 
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laboratory testing was near neutral pH SCC, which occurs in environments with a 
pH (~6.5-8.5). Near neutral pH SCC is generally understood to occur in pipeline 
grade steels under disbanded coating where the cathodic protection currents do not 
reach. The second examined in the laboratory, high pH SCC (>~8.5). High pH SCC is a 
more common form of SCC that is typically seen in areas of cyclic stressing at 
temperatures generally greater than 40°C1. 
 
The experimentation in this report was conducted with the main objective of better 
understanding high and near neutral pH stress corrosion cracking in general and to 
gain some perspective into their initiation from an electrochemical standpoint. This 
particular study produces the three elements for SCC to examine SCC in both near 
neutral and high pH environments. This was completed by simulating a corrosive 
soil environment (Element 1 of SCC) using NACE NS4 solution, simulating an over 
abundance of cathodic protection using a Gamry potentiostat, simulating the 
pipeline using high strength X65 notched carbon steel specimen (Element 2 of SCC) 
and finally simulating tensile stresses utilizing Cortest equipment (Element 3 of 
SCC). (The previous elements were put together utilizing two experimental 
methodologies observations into a small portion of this investigation were made.) 
The main differences in the experimental methodologies used were the stress 
inducers. Phase one methodology that was utilized during Fall 2014 was a Cortest 
proof ring, which induces a constant load onto the specimen, which was not 
increased throughout the duration of the testing. The second phase conducted 
spring 2015 utilized a Cortest slow strain rate tester (SSRT), which induced tensile 
stress through constant extension of the specimen. The first and second 
methodologies can be seen as Figures 2 and 3 respectively.  Although the methods 
of inducing the tensile stresses on the specimen changed the other experimental 
parameters remained constant.  
 
From the experimental process outlined above I was able to gain an extensive 
amount of scientific and practical knowledge as well as some useful experimental 
results that could lead to improved future testing and examination of SCC. First from 
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a scientific standpoint I was able to gain a good understanding of the basic SCC 
phenomena in carbon steels as well as a understanding of the particular mechanism 
associated with near neutral and high pH SCC at my given experimental conditions. 
Additionally from a practical standpoint I learned about what it takes to push an 
experimental project from cradle to grave. Through this project I was involved in 
everything from setting up and commissioning two SCC devices to constructing an 
experimental plan based upon past research.   
 
The results for the project can be broken into 2 phases. Phase 1 being first semester 
work which was mainly comprised of sample validation and the long term constant 
load testing. Utilizing the Cortest proof ring and the potentiostat one long-term 
experiment (65 days) examining the likelihood of SCC cracks appearing in the 
specimen in near neutral pH conditions was completed. Although no cracks were 
found after the analysis was completed, a look into the data validated the 
observation. After the experimentation was completed the data as well as specimen 
was analyzed. From the Gamry data it can be concluded that the anodic reaction was 
active on the surface of the steel for the duration of the experiment. From the SEM 
and EDS analysis it is reasonable to conclude that anodic reaction occurring at the 
specimen electrolyte surface resulted in the formation of iron carbonate as was 
postulated in past works. The SEM and EDS also confirmed that no cracks occurred 
in the notched area allowing us to conclude that X65 pipeline steel stressed to 95% 
YS is not susceptible to near neutral pH SCC at the given experimental conditions.  
 
Phase 2 of the experimentation was conducted during the spring semester of 2015. 
During this phase a more traditional method SSRT was used to detect susceptibility 
of X65 steel. This testing needed to be completed at a faster rate and was done so 
through the dynamic loading of the SSRT. The testing was conducted in high pH 
environments at a pH levels greater than 8.5. This testing was conducted using the 
same NS4 electrolyte and X65 steel specimen as Phase One, but because the 95% N2-
5% CO2 gas utilized for Phase One was unavailable, 100% N gas was used to purge 
the environment of oxygen. It is also important to note that the experimental 
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temperature of 40°C could not be produced due to a lack of experimental 
equipment. The experimentation was completed varying the rate of extension of the 
specimen. Rates of 2.5 x 10-5 mm/s and 2.5 x 10-6 mm/s were utilized. Failure of the 
specimen occurred at different loads for both of the strain rates, which can be 
largely attributed to the faster extension rate accelerating the SCC mechanism. 
Through analysis of the Gamry data, SEM images, EDS analysis, and examining the 
SSRT data some conclusions could be made. First of which, is that X65 steel is 
susceptible to high pH SCC at a cathodic polarization of -1300 mV vs. SCE.  At this 
potential a stable passive film is unable to form on the specimen. Additionally it was 
confirmed that the mechanism by which SCC occurs is crack propagation occurring 
at anodic dissolution sites at crack tips most likely originated from micro pits.  This 
was confirmed through examining the crack morphology and identifying oxide build 
up in a pit where primary crack initiation occurred. Analyzing the SSRT data it can 
be seen that the specimens exposed to the electrochemical element failed faster and 
at a much lower loading than those with no electrochemical element. Although 
specific data was able to be collected to quantify the influence of atomic hydrogen 
permeation as a result of the overall cathodic protection it is reasonable to conclude 
that it had a synergistic affect on the SCC from the comparative analysis with the 
SSRT data.  
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Introduction:  
 
In oil & gas transmission, high-strength pipeline steel operates under tensile 
stresses and is exposed to corrosive external environments. The combination of the 
tensile stresses and the corrosive external environment increase steels’ 
susceptibility to stress-corrosion-cracking (SCC). Internal pressure of the 
transmitted fluid places tensile stress on the steel of the pipeline.  Simultaneously, 
coating defects or holidays allow contact between the steel substrate and corrosive 
soil. Coating defects and holidays can limit the effectiveness of cathodic protection 
to the pipeline.  Under tensile stress, these factors culminate to produce SCC, and 
have been attributed to a number of high-profile pipeline failures worldwide.  
Three mechanisms appear most prevalent in the literature in regards to SCC, but 
due to the limited scope of this project only near neutral and high pH SCC are 
examined in depth, but low pH SCC is additionally possible in the pipeline industry.  
 
The first is intergranular attack (IGSCC), which is cracking along the steel grain 
boundaries and is attributed mainly to anodic dissolution at “high” local 
environmental pH of around 9.5. The pH of around 9.5 is feasible under disbonded 
coatings where external cathodic protection produces an alkaline environment, or 
in carbonate/bicarbonate rich soils with low CO2 content. It is noted in all 
mechanisms that the CO2 is naturally occurring in the pipeline environment and is 
largely attributed to the decay of organic matter. Past laboratory simulation has 
indicated that this mechanism is most likely to occur at locations above 38°C and 
that the growth rate of the cracking increases exponentially with temperature 
increase. This mechanism can be most closely correlated to the environment 
downstream of compressor stations (<20km5) where temperatures can reach up to 
65°C and potentials are in the range of  -600 to -750 mV vs. Cu/CuSO4. 
 
The second mechanism relates to “low” pH conditions of around 3.5-6.0. This pH is 
has been witnessed in CO2 rich, low carbonate environments. Under these 
conditions transgranular (TGSCC) or through grain cracking is most likely to occur. 
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(Although these specific pH ranges yield a most likely mechanism, both IGSCC and 
TGSCC have been observed at low pH ranges.) 
 
The third mechanism for SCC that was examined for phase one of this report is near-
neutral ph (~6.5), cracking in carbonate containing soils with dissolved CO2. Under 
these conditions iron carbonate forms on the surface and is equilibrium with the 
carbon dioxide and water. Due to this equilibrium atomic hydrogen can potentially 
absorb on the metals surface, leading to diffusion and recombination, which can 
compromise the steels mechanical integrity. It is also possible that the diffused 
hydrogen react with carbon atoms to produce methane within the metal. Research 
has proven that high-carbon steels are more susceptible than low carbon 
counterparts. This mechanism of near neutral SCC can potentially be intergranular 
or transgranular in nature. This mechanism is often associated with alternate wet-
dry soils that ted to disbonded coatings and occurs more often in colder conditions 
where more CO2 is prevalent in the soil.  
 
All three of these mechanisms mentioned are greatly affected by an electrochemical 
element know as cathodic protection. Cathodic protection (CP) is a common method 
of protecting underground oil and gas transmission lines. Although CP is meant to 
protect pipelines it affects the SCC process immensely. If the CP is inadequate, the 
pipe to soil potential is more positive than the OCP of the steel, encouraging anodic 
dissolution and possibly the IGSCC mechanism. When CP is in excess (potentials are 
much lower than OCP) the TGSCC mechanism can dominate and embrittlement may 
occur.  
 
In order to simulate the affects of CP and allow the electrochemical behavior at the 
surface to be understood, Electrochemical Impedance Spectroscopy is used. 
Electrochemical impedance spectroscopy (EIS) has been used by researchers to 
monitor steel under slow-strain rate conditions attempting to mimic real world 
pipelines. The EIS characterizes electrochemical reactions occurring on the metals 
surface through a non-destructive approach and identifies the mechanisms 
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influencing the interface during the SCC process. The main mechanisms that we are 
trying to understand through this research are: the build-up/break-down of a 
passive surface layer as well as hydrogen embrittlement via adsorption and 
diffusion on the metals surface. 
 
Background: 
 
Research and experimentation in the field of corrosion is crucial to the advancement 
of technologies involved with and the understanding of SCC. A large amount of 
research in the field of stress corrosion cracking has been conducted relative to 
other corrosion mechanisms that are already better understood. Although a large 
amount of research has been conducted in general, specific research utilizing the 
same research methodologies in Phase One and Two of this report has not been 
extensively documented. The research conducted in this report centers around the 
mechanisms of near neutral and high pH stress corrosion cracking.  
 
It is important to understand the fundamentals of this mechanism before an in 
depth analysis with experimentation takes place. The environment associated with 
nearly neutral and high pH SCC features anaerobic, diluted groundwater containing 
primarily bicarbonate ions and dissolved CO2 from decaying organic matter and 
geochemical reactions in the soil. This environment is fostered at a point where the 
coating has disbonded and cathodic protection is significantly shielded and CP 
current cannot reach the pipe. It is possible that cathodic reactions cause the pH of 
the electrolyte under the coating to increase, allowing carbon dioxide to readily 
dissolve into the solution resulting in an increased pH. In general there is anodic 
dissolution of the metal occurring in the system. This is displayed as Reaction 1 
below. 
 
      2                                                       (1) 
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 In a nearly neutral pH environment the potential cathode reactions contain H2CO3, 
HCO3-, and H2O, which will be reduced at different cathodic potentials. The cathode 
reactions possible can be seen below as reactions 2, 3, and 4. Possible anodic 
reactions of steel in a deoxygenated solution can be seen below as equations 5 and 
6.  
2	
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                                              (2) 
 
2	

  2   	  2

                                               (3) 
 
2	  2   	  2	
_                                                  (4) 
 
  2	   	  2                                             (5) 
 
  

   
  2                                                  (6) 
 
 
The stress element of this mechanism is complex the main element of stress usually 
comes from an applied source such as internal pressure causing hoop stress. 
Stresses can also be applied originating from sources such as ground movement and 
surface loading or from various welding stresses, such as welding and bending. 
Although it is understood that the threshold of stress for both forms of SCC in 
question is 60% to 100% of the yield strength SCC has been found to occur at 
stresses less than 60% in some rare cases. This internal pressure is commonly found 
to be greatest down stream of compressor stations in gas pipelines. The cracks 
found at historical failures are typically axial and transgranular in nature with 
corrosion products lining the crack walls. The cracks can be independent or linked 
and usually occur in colonies with very few to none reaching the critical length and 
width to facilitate a rupture of the pipeline.  
 
Stress corrosion cracks mainly initiate through three mechanisms. The first 
mechanism is the initiation of SCC at pitting locations or surface discontinuities. 
Under typical near neutral conditions, pitting occurs on pipeline steels due 
primarily to the galvanic affect at metallurgical discontinuities such as grain 
boundaries, inclusions, or phase boundaries6. It has been shown that fluctuations in 
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cathodic protection further propagate the formation of pitting on the interior of the 
pipeline. The second mechanism is the initiation of SCC due to the affect of free 
atomic hydrogen. When pipelines are over cathodically protected (potentials of ≤-
900mV vs. SCE5) free atomic hydrogen is produced on the steels surface. Some of 
that atomic hydrogen diffuses into the metals lattice and combines to form 
hydrogen gas. When that gas is formed the metal lattice is stressed and micro cracks 
can form. At these micro cracks and pits the general SCC mechanism is most likely to 
propagate. The third is crack initiation at metallurgical defects, such as inclusions, 
grain boundaries, and voids that are formed of introduced specifically during metal 
manufacturing.  
 
As mentioned previously experimentation surrounding this subject has traditionally 
taken place utilizing SSRT machines. Phase one of this project utilizes a novel 
approach that is under development by Dr.Homero Castenada-Lopez. Phase two 
expands on the traditional method utilizing the electrochemical element. In a 
previous study completed by Jia3 the SSRT methodology was used on X80 steel in a 
near neutral environment. Jia’s research concluded that: 
 
Slow strain rate tensile testing results show that the steel is more 
susceptible to SCC in the soil solution with a higher sub-surface hydrogen 
concentration, indicating that hydrogen is involved in near-neutral pH SCC 
in pipelines. Combined with the SEM observations, it is suggested that 
hydrogen promotes the cracking of the steel, accompanying with the 
anodic dissolution on the crack sides and at crack tip.3 
 
Due to these findings the excess of cathodic protection was induced on the specimen 
to accelerate the SCC mechanism. Additionally research has shown in deoxygenated, 
near-neutral pH NS4 solution and under loading by tensile stress, which simulates 
of operating conditions, the resistance to hydrogen absorption is highest for steel 
X100 and it decreases with decreasing of steel strength. Although the steel utilized 
in this experimentation remained constant it is reasonable to conclude that 
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hydrogen effects would be more pronounced in harder pipeline steels. From the 
previous studies it can be seen that the research confirmed that hydrogen did in fact 
contribute and helped to foster SCC in pipeline grade steels.  
 
 
Experimental Procedure: 
 
Experimentation in phase one was carried with two objectives. The first to 
constantly load a specimen and cathodically polarize the specimen to examine the 
possibility of stress corrosion cracking in X65 steel and correlate the cracking 
phenomena to impedance data. The second simulate conditions that are feasible to 
those seen in the real world pipeline environment.  
 
Phase 1 Testing:  
The aforementioned objectives were carried out in both rounds using a multitude of 
experimental devices. To achieve the two objectives in round one a CorrTest proof 
ring, in accordance with NACE Test Standard TM-01-77-90, was utilized to induce a 
constant tensile load on the specimen. Secondly a Gamry potentiostat was utilized to 
induce a cathodic polartization on the specimen equivalent to -1300 mV vs. SCE (DC 
Voltage). The working electrode used in this experimentation was a notched X65 
carbon steel tensile test specimen. The chemical composition of the X65 grade high 
strength carbon steel can be seen below as Table 1. This specimen was prepared 
through manually polishing with 600 grit sandpaper and cleaning with ethanol and 
acetone to remove any residuals. A drawing of the specimen and chemical 
composition of the steel used can be seen below as Figure 1 and Table 1 
respectively. 
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Figure 1: Dimensions of the slow strain rate specimen utilized in Phase 1 and 2 
 
 
 
Chemical composition of X-65 pipeline steel (wt%) 
C Mn S P Si Cr Ni Cu Nb Al 
0.11 1.5 0.008 0.013 0.26 0.006 <0.02 0.04 0.04 0.05 
Table 1: Chemical Composition of X-65 pipeline steel (wt%) 
 
To simulate the environment seen in field applications a NACE standard NS4 
solution comprised of 483 mg/L NaHCO3, 122 mg/L KCl, 181 mg/L CaCl22H2O, and 
131mg/L MgSO47H2O was utilized. The solution was also purged with 95% N2 and 
5% CO2 gas to maintain the pH of the solution at near neutral. . Additionally 0.05M 
NaHCO3 was used to actively buffer the solution during experimentation 
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Figure 2: Displaying the macro and micro scale view of the experimental 
setup for Phase one testing 
 
After the specimen was prepared it was loaded into a polymer vessel. The polymer 
vessel was then loaded into the proof ring. Once loaded into the proof ring the NS4 
solution was added to the vessel and the gas purge was initiated. Once the 
environment in the vessel had stabilized the proof ring was displaced to a point 
where the tensile load on the notched specimen was 95% of the specimens yield 
strength this number was calculated using a formula provided by the proof ring 
manufacturer to relate the deflection of the ring (d) to the loading (l) and 
parameters in Equation 1 and Table 2 respectively. After the specimen was put 
under a tensile load the electrochemical element of the testing was activated. The 
electrochemical cell in all tests (Phase one and two) consisted of a notched steel 
   pH   CO2    W.E.     C.E. Luggin (REF) 
Displacement 
Loading Ring 
Polymer Vessel 
CPU framework 
Gamry Ref 600 
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working electrode, a high purity graphite counter electrode, and a Gamry SCE 
reference electrode inserted in a luggin capillary for isolation from the bulk solution. 
The experimental setup can be seen above in Figure 2. Impedance was measured 
using a Gamry reference 600 model potentiostat, set to cycle on a continuous loop 
for 1400 hours. The loops measured from 104 Hz to 10-2 Hz. In-situ pH monitoring 
was also carried out to ensure a relatively stable pH within the working range of 6.5-
8.5 for the near neutral mechanism specified.  
 
  5.0526 x 10  2.9151 x 10  1.0201 x 105.6361 x 10 
Equation 1: Relating deflection of the proof ring to the loading of the specimen 
 
Pipe 
 Grade YSmin 
95% YS  
= FT 
FT  
Needed 
FT 
Needed 
Load  
(l) 
Deflection 
 (d) Cross Sectional Area 
("X-NN") (psi) (psi) (lbf/cm2) (kgf/cm2) (kgf) (mm) 0.1233 sq. cm. 
65 80000 76000 11780 5343.4 658.8 0.667 (English) 
Table 2: Determination of yield strength and deflection required for 95% loading 
 
 
Phase 2 Testing: 
 
Experimentation in phase two was carried with two objectives. The first, 
electrochemically and dynamically load a specimen to mechanically produce stress 
corrosion cracking in X65 steel and correlate the cracking phenomena to impedance 
data. (The second simulate conditions that are feasible to those seen in the real 
world pipeline environment). For phase two of the testing a Cortest SSRT was 
utilized for slow strain rate testing and to induce a tensile load on the specimen. A 
Gamry potentiostat was utilized to induce a cathodic polarization of -1300 mV vs. 
SCE. To simulate the field environment the experimentation used the NACE 
standard NS4 solution and a 100% N2 gas purge. The working electrodes were 
constructed of X-65 steel and notched in congruence with round one. The specimen 
was prepared through manually polishing with 600 grit sand paper and cleaning 
with ethanol and acetone to remove any residuals. 
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After the specimen was prepared it was loaded into a polymer vessel. The polymer 
vessel was then loaded into the SSRT. Once loaded into the proof ring the NS4 
solution was added to the vessel and the gas purge was initiated. Once the 
environment in the vessel had stabilized the specimen was preloaded to 80% of its 
yield strength at the rate of 2.5 x 10-5 mm/s for all trials listed in Table 3. It is noted 
that the specimen utilized in trial 1 was not analyzed because the extension rate was 
too fast to accumulate any meaningful data. After the specimen preloaded the 
electrochemical element of the testing was activated. The electrochemical cell in all 
tests (Phase One and Two) consisted of a notched steel working electrode, a high 
purity graphite counter electrode, and a Gamry SCE reference electrode inserted in a 
luggin capillary for isolation from the bulk solution. The experimental setup can be 
seen above in Figure 3. Impedance was measured using a Gamry reference 600 
model potentiostat, set to cycle on a continuous loop for 1400 hours. The loops 
measured from 104 Hz to 10-2 Hz. In-situ pH monitoring was also carried out to 
ensure a relatively stable pH within the working range of 8.5-10.0 for the high pH 
mechanism specified.  
 
Round 2 Mechanical Testing 
Trial Extension Rate Preload Rate Preload Time to Failure 
# (mm/sec) (mm/sec) kgf hours 
Control 2.5 x 10^-5 2.5 x 10^-5 400 10.5 
Control 2.5 x 10^-6 2.5 x 10^-5 400 121 
1 2.5 x 10^-4 2.5 x 10^-5 400 NA 
2 2.5 x 10^-5  2.5 x 10^-5  400 6 
3 2.5 x 10^-6 2.5 x 10^-5 400 48.7 
4 2.5 x 10^-6 2.5 x 10^-5 400 49.4 
Table 3: Mechanical parameters for SSRT used in Phase Two of testing 
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Figure 3: Displaying the macro scale set up for Phase 2 testing 
 
Data and Results: 
 
The data and results from Phase one and Phase two of the experimentation are 
illustrated electrochemically and empirically. Electrochemically the data it 
illustrated utilizing Gamry software. This data is represented as Nyquist plots 
displaying the impedance over time. Empirically the results are shown using SEM 
and accompanying EDS software. 
 
Phase One: 
 
Phase one of the experimentation took place over the period of two and a half 
months. The length of this experimentation was slightly longer than standard, 
because of the nature of the constant load testing. The initial trial began on 
Fr SSRT frame 
Cell Vessel 
       CPU framework 
     Gamry Ref 600 
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September 29th 2014. In-situ monitoring of the experimentation can be seen below 
in Table 4 
 
 
  
Dial Gauge 
(mm) Soln pH Gas (scf/h) 
Initial  3.022 7.03 3 
29-Sep 3.013  6.54 3 
30-Sep 3.014  6.31 3 
20-Oct 3.016  6.33 3 
5-Nov 3.017  6.20 3 
10-Dec 3.015 5.57 3 
Table 4: Displays the experimental observations recorded during Phase 1 of testing 
 
After the experimentation was complete the electrochemical data was compiled and 
is displayed as Nyquist plots to help visualize the electrochemistry at the surface of 
the working electrode. Theses Nyquist plots are located in Appendix A labeled as 
Figures 18-20. Figure 18 displays the impedance behavior of the working 
electrode from 0-10 days of exposure in the electrolyte. This graph displays a 
general increase impedance increase from ~50 to ~3500 (|Z|real) from 0-72 hours.  
Although the increase is general much noise is witnessed even at the lowest 
frequencies from 0-72 hours. After the 72 hour mark the impedance (|Z|real) 
decresesd to around 1500 and remained consistent until the iteration was 
completed at 240 hours. Figure 19 displays the impedance data from 10-20 days of 
exposure. The data represented in this graph shows a much more uniform increase 
from ~50 to 1200 (|Z|real) in impedance with time. The largest jumps in impedance 
were seen after the 12 hours of exposure to the environment. Figure 20 displays 
the impedance data from 40-50 days of exposure. This graph shows the largest 
impedance occurring from 1-2 hours then a rather consistent impedance reading 
from 60-600 (|Z|real). The graphs from 30-40 and 50-60 days were also left out due 
to their similarity with Figure 20.   
 Figure 4:  E-pH diagram for the iron 
Figure 5: Solubility chart for the carbonate system
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carbonate/bicarbonate system
4 
 
 
 Figure 6: Image of the FeCO
 
Figure 7: Elemental breakdown of surface film in Figure 6
 
In conjunction with the electrochemical analysis an empirical analysis was under 
taken. First the specimen’s surface was analyzed
naked eye and macro scale 
The scale witnessed on the s
to turn the solution black in color. Next 
21
3 surface film from Phase one trial
 
 supporting possible 
FeCO3 
 after experimentation using the 
picture of the specimen can be seen as Figure 8
urface was a fairly tight black scale that was beginning 
SEM and accompanying EDS software were 
 
 
 below. 
 utilized to further characterize the sca
E-pH and the solubility diagrams represented as 
possible formation of a FeCO
analysis of the specimen is illustrated through 
 
Figure 8: Macro
 
 
The data and results from Phase Two
Phase One but additional mechanical data was analyzed from the SSRT. Due to the 
dynamic loading and continued use of the no
experimental data was able to be collected, analyzed
impedance data was collected and qua
the impedance data for the ex
the experimentation took roughly 6 hours to complete.
increase in impedance from ~40 to ~15
from 1-2 hours exposure time. 
extension rate of 2.5x10^-6 mm/s. At this extension rate the experimental trial took 
roughly 80 hours to complete. This graph displays an increase in impedance from 
~10 to ~70 (|Z|real).  The time to failure of all tests can be seen in 
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le. The EDS analysis of the specimen and the 
Figures 4 and 5 supports the 
3 film as postulated by other researchers. The EDS 
Figures 6 and 7.  
 
-scale image of specimen after Phase one
 of the experimentation is similar to that of 
tched specimen much more 
, and compared. First the 
ntified as Graphs 4 and 5. Graph 4
tension rate of 2.5x10^-5 mm/s. At this exte
 This graph displays an 
0 (|Z|real) with the largest increase
Graph 5 displays the impedance data for the 
Table 3
 
 displays 
nsion rate 
 occurring 
. It can be 
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seen that the time to failure for the trials with the electrochemical element were 
much less comparatively to the control experiment, which were conducted at the 
same strain rates, but with no electrochemical element. Graph 6 in Appendix A 
displays the mechanical strength of the specimen at the various extension rates 
tested. From the graph it can be seen that the control specimen failed at a higher 
load than specimen that were exposed to the electrochemical element, which means 
that the corrosive environment sped up the failure time comparatively. 
 
In conjunction with the electrochemical analysis an empirical analysis was under 
taken. The macro scale images of the samples from Trials 2 and 3 can be seen in 
Figures 9 and 10 respectively. The scale witnessed in the in Trial 2 was very thin 
and appeared as more of a film. The scale seen in trial 3 was much thicker and was 
similar to what was seen at the near neutral pH range.   
 
 
Figure 9: Specimen after Trial 3 of experimentation 
 
 Figure 10: Specimen after Tria
 
After macro scale analysis was completed the specimen were m
examined using SEM and EDS.  The results from T
13. Figure 11 displays the mechanical fracture surface of the specimen. 
displays a small amount of oxide that was chemically analyzed through EDS in 
Figure 13.  
Figure 11: Fracture surface of at 2.5x10^
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Figure 12: Oxide selected for EDS analysis for (Trial 3) 
 
Figure 13: Accompanying elemental analysis of oxide film (Trial 3)  
 
 
Additionally the sample from Trial 4 was analyzed using the identical method as 
Trial 3. Figure 14 displays the mechanical fracture surface of the specimen. Figure 
15 displays the oxide layer that was chemically analyzed through EDS in Figure 16. 
Figure 17 shows a crack that initiates from a pit near the fracture surface.  
 
 Figure 14: Fracture surface of 2.5x10^
Figure 15: Oxide found and 
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-6 mm/s extension rate (Trial 4)
 
selected for EDS (Trial 4) 
 
 
 
 Figure 16: Accompanying EDS analysis of oxide found in pit (Trial 4)
Figure 17: SEM image of crack initiating from a pit (Trail 4)
 
Discussion and Analysis
The results from the experimentation from this project yielded both quantitative 
and qualitative results that let us examine the outcome. The quantitative results 
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represent both the mechanical and electrochemical aspects of the project. The 
electrochemical element of the experimentation focused around electrochemical 
impedance spectroscopy (EIS). EIS is the time dependent response I (t) to a 
sinusoidal alternating potential expressed at an angular velocity ω dependent upon 
impedance Z (ω) where Z (ω) is equivalent to V/I. The electrochemical results are 
represented through Gamry data via Nyquist plots. The Nyquist plots show 
frequency responses of the linear system.  The Nyquist plots specifically help to 
identify if the system is stable or unstable in the given environment. The mechanical 
data collected is displayed only for Phase 2 of the experimentation and is expressed 
through load vs. time plots.  The qualitative results for Phase 1 and 2 of the 
experimentation are illustrated through SEM and EDS analysis.  
During both phases of testing a large amount of cathodic polarization was used to 
encourage the synergistic affect of hydrogen on the SCC mechanism. It has been 
seen in previous studies and was confirmed that hydrogen evolution occurs during 
SCC of pipeline steels in dilute aqueous solutions3. The evolved hydrogen can diffuse 
into the steel around the crack tip. Neutral pH and lower applied potential facilitate 
evolution and enrichment of hydrogen during the process of SCC, thus increasing 
the SCC intensity3. (The observation of H ions influence to the overall SCC 
mechanism was not explicitly evident for either phase of the project when 
comparing the experimental trials to the control experiments.) 
Phase One of the testing was conducted with the primary objective of producing a 
FeCO3 film and monitoring the EIS of the specimen over the long testing period. 
Analyzing the Nyquist plots the magnitude of change in the x-axis was the main area 
of concern. An increase in the |Z|real indicates an increase in the resistance the EIS 
is measuring on the surface. The increase of resistance is related to the build up of a 
passive film on the specimen surface. Through experimentation it is feasible to 
conclude that an FeCO3 film was produced on the surface of the specimen, but 
additional verification should be carried out using x-ray diffraction technology to 
confirm. The existence of this film was confirmed through macro and micro scale 
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analysis of the specimen’s surface. The impedance data showed a fair relation to 
past experimentation. In Figure 18 the decrease in impedance could be attributed 
to a breakdown or unstable oxide layer forming during the initial phases of the 
experimentation.  From hour 1-72, the impedance increases, which might be 
attributed to the formation of a protective layer like FeCO3. From hours 72-240, the 
impedance decreases with time, which could indicate the breakdown of the 
protective layer. The noise in the data can mainly be attributed to experimental 
error or equilibrium not being reached within the polymer vessel. Figure 19 best 
represents the active build up of the FeCO3 layer resulting in increased impedance. 
Figure 20 is consistent with literature showing a more stable oxide layer forming 
leading to a more consistent large impedance range at earlier time intervals.  Overall 
the Nyquist plots show the build up of an active oxide layer with no indication of 
cracking as confirmed when the specimen was unsuccessfully examined for cracking 
during the SEM analysis. 
Phase Two of the testing allowed for a larger amount of data to be collected. The 
main objective for phase two of the experimentation was to compare how the steel 
reacted from a mechanical and electrochemical standpoint at various extension 
rates. The impedance data collected was much more uniform than the comparative 
data in Phase One. The impedance build up was much less for the faster extension 
rate as compared to the slower extension rate. Overall this can be attributed to the 
dynamic loading of the specimen, which impedes the oxide from forming a tight 
stable film on specimen surface. This is a major difference from the static load that 
was used in Phase One of the testing. Overall it is not recommended to analyze 
impedance data for the SSRT methodology because EIS does require equilibrium 
and a static environment, which was not the case with the conducted testing.  
 
When examining the samples taken from Phase Two no explicit evidence of 
transgranular cracking or transgranular hydrogen embrittlement was found. This 
can mainly be attributed to the lack of experience in the SEM analysis. In a previous 
study high pH SCC at potentials more cathodic than -890 mV (SCE) yielded 
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transgranular hydrogen embrittlement, with little secondary cracking7. Although no 
explicit evidence was found it was confirmed that the electrochemical element had 
an affect on inducing SCC when comparing the time to failure as well as the loading 
where the UTS was reached in control specimen to the electrochemically exposed 
specimen in Graph 6 and Table 3. Additionally it is believed evidence of a stress 
corrosion crack can be seen in Figure 17. In this figure it appears a crack had 
occurred before the catastrophic mechanical failure. In the image it appears that the 
crack initiated at an anodic dissolution site or “pit”. The anodic dissolution was 
confirmed through the EDS analysis of the corrosion product found in the pit in 
Figures 15 and 16. In previous research it was witnessed that; “In highly 
concentrated bicarbonate-carbonate solutions with high pH (~9 to 11), the SCC of 
pipelines is dominated by film rupture and anodic dissolution (AD)”7. This would 
support the crack occurring at the anodic dissolution site and the lack of a stable 
film forming due to the film break down.  
 
These results in Phase Two also confirm those of Parkins that SCC of carbon steels in 
carbonate solutions occurred by the dissolution process of metal at the crack tips. 
The presence of corrosion products inside the cracks supports this idea. From the 
experimentation it can be concluded that the dissolution rates at the crack tips were 
high enough to cause the crack walls to passivate, providing a large cathode inside 
the crack, coupled to a small anode at the crack tip where film rupture took place. 
The role of the applied potential in experimentation was to maintain the alloy 
surface in the potential range where rapid rupture of the passive film led to a 
maximum dissolution rate at the crack tip, while at the same time fixing the 
potential of the crack walls in the passive regime. 
 
It is suggested that future trials and testing be done under the same premise of my 
project a matrix indicating future investigation that is to be done utilizing the Phase 
one experimental methodology is shown below in Table 5. Using the matrix in 
Table 5 the working electrode could be varied in the type of steel used as well as 
applying a coating to the specimen. The same testing matrix could be utilized in an 
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expanded manner to account for various strain rates or cyclic straining utilizing 
Phase Two experimental methodology. Overall the need for industry collaboration 
in regards to better representing real world applications is suggested. Specifically I 
suggest data in regards to stress cycles seen in both gas and liquid transmission 
environments be translated into an experimental methodology to better represent 
the cyclical stresses that are seen in a real world environment. 
 
 
 
Potential  Low pH (pH ~ 4.0-5.0) 
Near-Neutral pH 
(pH ~ 6.75 ) 
High pH 
(pH ~ 9.5) 
Cathodic 
(-1300 mV/CuSO4) Future Work In Progress In Progress 
OCP Future Work Future Work Future Work 
Anodic  
(+1300 mV/CuSO4) Future Work Future Work Future Work 
Table 5: Proposed future work utilizing Phase One testing methodology 
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Appendix A: 
 
 
Figure 18: Displaying the impedance measured over time for Cycle 1 of Proof Ring Testing 
 
 
 
Figure 19: Displaying the impedance measured over time for Cycle 2 of Proof Ring Testing 
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Figure 20: Displaying the Impedance measured over time of Proof Ring Testing 
 
 
 
Figure 21: Displaying the Impedance measured over time for SSRT Testing 
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 Figure 22: Displaying Impedance measured over time for SSRT testing
Figure 23: Displaying the load vs. elongation for Phase Two experimental trials
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Figure 24: Displaying the 3rd Iteration of EIS experimentation 
 
3rd Iteration (11/3) 
Data 
Series 
Time Elapsed 
(hrs) 
#1 0 
#5 1 
#8 2 
#18 5 
#76 24 
#142 48 
#349 120 
#763 240 
#1069 324 
Table 6: Explaining the Impedance with graph 3 
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